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a  b  s  t  r  a  c  t
The  effects  of temperature  and  S/C  on the reduction  extent  and  kinetics  of  a steam  reforming  NiO/-
Al2O3 catalyst  were  systematically  investigated  using  ﬁve  bio-compounds  commonly  produced  during
the  fermentation,  pyrolysis  and  gasiﬁcation  processes  of  biomass  (acetic  acid, ethanol,  acetone,  furfural
and glucose).  Reduction  was  also  performed  with  methane  and  hydrogen  for comparison.  Kinetic  mod-
elling  was  applied  to  the NiO  conversion  range  of  0–50% using  the  Handcock  and  Sharp  method.  Theeywords:
ickel oxide
io-compounds
atalyst reduction
inetics
hemical looping
two-dimensional  nuclei  growth  model  (A2)  was found  to  ﬁt very  well  except  for  glucose.  For  all  the
bio-compounds,  the apparent  activation  energy  of  NiO  reduction  was  between  30  and 40  kJ/mol.  Their
pre-exponential  factors  decreased  in  this  order:  CH4 >  ethanol  ≈  acetone  > acetic  acid  > furfural  >  glucose,
probably  due  to  the  different  activities  of  reducing  species  they produced.  Optimal  molar  steam  to  carbon
ratios  for  reduction  kinetics  were  found  between  1 and  2.
© 2016  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction
The reduction of metal oxide is an important reaction in the
elds of heterogeneous catalysis and metallurgy, the commonly
sed reducing agentsbeing either H2, CO, CH4 or carbon. Related
eduction mechanisms have been investigated which normally
nvolve surface adsorption, activation and radical formation [1–4].
he reduction kinetics are usually described using nucleation mod-
ls or a shrinking core model [5]. With the development of DRI
direct reduction of iron ore) technology and the use of solid fuels
n CLC, some solid carbonaceous materials such as coal, biomass
nd solid wastes have emerged as potential reducing agents. The
nderstanding of the reduction mechanism is in progress but still
ar from completion. A two-step mechanism which involves the
ormation of reducing gases from solid carbonaceous materials and
he regeneration of reducing gases by carbon gasiﬁcation is usually
uggested.
The chemical Looping Steam Reforming process has advan-
ages over the conventional catalytic steam reforming process
f internal heat supply, cyclic catalyst regeneration and easy
ntegration with in situ CO2 adsorption. In CLSR, whether the
eforming fuel employed is able to reduce the oxygen carrier
supported metal oxide) at the beginning of fuel feed is critical
o the subsequent steam reforming reaction. Previous studies in
∗ Corresponding author.
E-mail address: V.Dupont@leeds.ac.uk (V. Dupont).
ttp://dx.doi.org/10.1016/j.apcatb.2016.06.044
926-3373/© 2016 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
reduction of metal oxides used as oxygen transfer materials in CL
processes mainly focused on screening suitable metal oxides based
on their reduction reactivity with CH4. It was  found that supported
NiO is a promising oxygen carrier in both Chemical Looping Com-
bustion, a.k.a. CLC [6–8] and Chemical Looping Reforming [9] due
to its good reduction reactivity and subsequent catalytic activity
towards steam reforming reaction when using methane as the
combustion fuel or hydrogen production feedstock. Reducibility
of NiO/Al2O3 with hydrogen can be enhanced by adding alkali
earth metal oxides to stabilize the support [10] or incorporating a
second metal (e.g. Co) to form bimetallic oxygen carrier [11]. The
carbon deposition occurring in the fuel reactor is another concern
of a CL process. It was found that the carbon deposition depends
on the nature of active metal oxide (Fe-based oxygen carrier has
a less tendency to form carbon) and the availability of oxygen
in the lattice of metal oxide or the surrounding atmosphere.
Little is known of the ability or mechanisms of reduction of NiO
under other reductants than H2, CH4, CO and NH3. Recently,
some renewable liquid feedstocks such as biomass pyrolysis oils
(bio-oil) [12], ethanol supplemented by bio-oil [13], glycerol [14],
vegetable oil [15], as well as non-renewable ones like used tyres
pyrolysis oil [16] have been tested in chemical looping steam
reforming conditions using NiO catalyst acting as both the oxygen
transfer material and steam reforming catalyst. To the authors’
knowledge, few studies have been devoted to the performance
of individual bio-compound derived from bio-oil in a CL process,
or speciﬁcally in the reduction of nickel oxide. The investiga-
tion on the reducing ability of bio-compounds, as well as their
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature
A pre-exponential factor in Arrhenius rate expression
(Eq. (10)). Units depend on reaction model. Here A
in s−1
A2 Avrami–Erofeyev model of nucleation and nuclei
growth with 2D (disc shape) nuclei, refers to solid
state reactions
Cbio,g or S gas concentration of bio-compound in bulk gas (g)
or at particle’s surface (S) in mol  m−3. (Eq. (7))
CL chemical looping
CLC chemical looping combustion
CLPO chemical looping partial oxidation
CLSR chemical looping steam reforming
dp catalyst particle size (assumed spheri-
cal = diameter), in m (Eqs. (6) & (9))
Dbio,N2 molecular diffusivity of relevant bio-compound in
N2 in cm2 s−1 (Eq. (8)) and m2 s−1 (Eq. (6))
De effective diffusivity of bio-compound inside catalyst
in cm2 s−1 in Eq. (11) and m2 s−1 in Eq. (10).
Ea apparent activation energy in Arrhenius rate
expression (Eq. (10)). Units depend on units of uni-
versal gas constant used in Eq. (10)
f solid state conversion general function (Eq. (12))
g solid state integral conversion general function (Eq.
(13))
i number of carbon atoms in bio-compound molecule
j number of hydrogen atoms in bio-compound
molecule
kc external mass transfer coefﬁcient of bio-compound
(m s−1) to catalyst particle (Eq. (6))
l number of oxygen atoms in bio-compound
molecule
Mbio molar mass of bio-compound CiHjOl (g mol−1)
MH2 molar mass of H2 (=2.02 g mol−1)
m geometrical order in Eq. (14), (Hancock and Sharp’s
method) no units
n molar ﬂow rate of relevant species in mol  s−1
P total pressure in atm (Eq. (8))
R universal gas constant (e.g.
8.314 × 10−3 kJ mol−1 K−1), Eq. (10)
rbio,ext chemical consumption rate of bio-compound per
unit external surface area of catalyst in mol  (of bio-
compound) m−2 (of external spherical particle) s−1.
(Table 2)
rNiO chemical rate of NiO reduction in mol  s−1. (Table 2)
Re Reynolds number (Eq. (5))
S/C molar steam to carbon ratio
Sh Sherwood number (Eq. (5))
Sc Schmidt number (Eq. (5))
T temperature in K (Eq. (8))
ve,bio atomic diffusion volume for relevant bio-compound
(Eq. (8))
Wbio,r molar ﬂux of bio-compound at catalyst particle’s
external surface mol  m−2 s−1. (Eq. (7))
X conversion fraction or percent conversion of rele-
vant reactant, e.g. Xbio (Eq. (2)) and XH2O (Eq. (3))
y molar fraction of relevant species in the dry out-
let gas: yC2 = yC2H4 + yC2H6 ; yC3 = yC3H6 + yC3H8 . The
subscript ‘dry’, ‘in’, and ‘out’ refer to conditions fol-
Nomenclature
Greek symbols
 extent of NiO reduction moles of NiO converted to
Ni/initial moles of NiO
 constant in Eq. (14)
ε stoichiometric number of moles of NiO reduced by
1 mol  of bio-compound according to reaction R1.
(Table 2, Eq. (9))
p catalyst particle’s porosity (void fraction), no units,
(Eq. (11))
n Thiele modulus, no units, Eq. (10)
 constriction factor of catalyst, no units, (Eq. (11))lowing water removal, at reactor inlet and outlet,
respectivelyc
 tortuosity factor of catalyst, no units, (Eq. (11))
inﬂuence on the catalytic activity of reduced metal oxide, is
rare in the literature, but quite signiﬁcant to the potential
application of bio-oil in a CL process.
The direct reduction of 18 wt%  nickel oxide steam reforming cat-
alyst supported on -alumina by reforming fuel acetic acid during
a steam reforming process was investigated in [17]. Steam reform-
ing of acetic acid took place as soon as metallic Ni was  produced
from NiO reduction by the acetic acid. There are several materials-
related parameters that may  inﬂuence the reduction of NiO, such
as the presence of other metals or choice of support. In the present
study we  focus on the nature of the reducing agent, while choos-
ing the simplest of NiO steam reforming catalysts, i.e. 18 wt% NiO
on -Al2O3 (Johnson Matthey) as the oxide, given its proven abil-
ity to auto-reduce using acetic acid, as well as ethanol and bio-oils
[13,18]. In addition to carboxylic acids, alcohols, ketones, furans
and sugars are common chemical families present in the bio-oils
and bio-crudes produced by the fast pyrolysis or other liquefaction
processes of land-grown and aquatic biomass. The reduction using
compounds derived from biomass may  potentially be a more com-
plicated process in which many species (e.g. bio-compound itself,
decomposition intermediates, reforming products H2 and CO) may
be involved. Thus, the auto-reduction of 18 wt% NiO/-Al2O3 steam
reforming catalyst with ethanol, acetone, furfural and glucose is
studied here with emphasis on comparing the reducing ability and
reduction kinetics of bio-compounds each representing a different
functional group. Furthermore, the model bio-compounds chosen
here are key players in bio-reﬁnery operations, either as platform
chemicals, building blocks, intermediates or valuable end products
which introduce a renewable route to the production of green sol-
vents, resins, acetates, food additives, and cosmetics. This study
aims to demonstrate the dependence of extent of reduction and
reduction rate on the type of bio-compounds, temperature, and
steam content present in the reduction system. Forthcoming pub-
lications will focus on the subsequent catalytic activity of the steam
reforming reaction and stability of outputs under CL-SR conditions
following auto-reduction.
2. Materials and methods
2.1. Materials
The catalyst used in this project was 18 wt% NiO supported on
-Al2O3 (NiO/-Al2O3), supplied in raschig rings form by Johnson
Matthey Plc. It had a bulk density of 1201 kg m−3, and average crush
strength of 735 N. The NiO/-Al2O3 catalyst pellets were crushed
and sieved to particle size of 1.0-1.4 mm prior to being used in
reduction experiments in a packed bed reactor. Onene experiment
(ethanol, S/C 3, 650 ◦C) also used particle size of ∼0.1 mm to rule
out mass transfer limitations. The 1.0-1.4 mm size fresh catalyst
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Table  1
Feed rates of liquid feedstock into the packed bed reactor.
Reductant C feed rate (mmol/min) Fuel feed (ml/min) Solution of fuel and water (ml/min)
S/C1 S/C2 S/C3 S/C5
acetic acid 1.1749 0 0.0552 0.0768 0.0984 0.1416
ethanol 1.1732 0 0.0558 0.0774 0.0990 0.1422
acetone 1.1755 0 0.0503 0.0719 0.0935 0.1367
p
o
s
p
d
S
t
i
r
b
I
s
b
w
p
f
o
2
p
t
r
a
l
(
n
o
c
d
a
b
r
o
p
f
t
b
r
c
t
i
o
b
b
b
a
a
t
afurfural 1.1740 0.0194 
glucose 0.6061 0 
articles had a BET surface area of 2.3 m2/g with BJH pore size
f 2.5 nm (Quantachrome Instrument Nova® 2200). The crystallite
ize of the fresh NiO catalyst crystallite was 45 nm, determined by
owder XRD coupled with Rietveld reﬁnement (Bruker D8 X-Ray
iffractometer, with HighScore Plus software from PANalytical, see
ection 2.5) [18].
Blank -Al2O3 pellets, provided by TST Ltd, were crushed into
he same particle size for the use in control experiments.
The bio-compounds used in packed bed reactor experiments
nclude acetic acid, ethanol, acetone, glucose and furfural. These
epresent ﬁve common functionalities of the organics present in
io-oils and bio-crudes (acids, alcohols, ketones, sugars and furans).
n addition, glucose (-d-glucopyranose, a.k.a. d-glucose) was cho-
en to represent solid bio-compounds. d-Glucose is the basic
uilding block of cellulose, a major component of biomass (along
ith lignin and hemicellulose). All the bio-compounds used had a
urity of >99%. Acetic acid, ethanol and furfural were purchased
rom Sigma-Aldrich, and acetone and d-glucose (anhydrous) were
btained from Fisher Scientiﬁc.
.2. Experimental set-up and operation procedure
The packed bed reactor set-up used in this project was  com-
osed of six functional modules: reactor, liquid feeding, gas feeding,
emperature control, cooling system and outlet gas analysis. The
eactor was made of quartz with an inner diameter of 12 mm
nd the length of 49.5 cm,  with a quartz fritter located a mid-
ength to hold the catalyst. It was manufactured by Yorlab Company
UK). During experiments, the reactor was held inside a tube fur-
ace (Elite Thermal Systems Ltd. TSV12/50/300). The temperature
f the furnace was regulated by a Eurotherm 2416 temperature
ontroller. The temperature of the reactor, which may  be slightly
ifferent from that of the furnace, was monitored in real-time by
 K-type thermocouple. A diagram of the experimental set-up can
e found in [17]. The reaction temperature mentioned hereafter
efers to the reactor temperature. The liquid feeding (the injection
f bio-compounds and water into the reactor) was  performed by
rogrammable syringe pumps (New Era Pump Systems). The gas
eeding to the reactor was controlled by MKS  mass ﬂow rate con-
rollers. The gaseous products from the reactor were cooled down
y a condenser. A coolant (ethylene glycol and water in volume
atio of 1:1) at −5 ◦C was circulated between the condenser and a
hiller (Fisher Scientiﬁc 3016S) to maintain the condenser at a low
emperature.
For the bulk of the experiments, 2 g of fresh catalyst were placed
n the middle of the quartz reactor. The 2 g of catalyst typically
ccupied 2 mL  volume in the reactor. Around 1.7 g of -Al2O3
alls (3 mm in diameter) were added on the top of the catalyst
ed as pre-heater when using furfural as feedstock. For the other
io-compounds, no precautions were taken below or above the cat-
lyst bed. One experiment, for ethanol feed and reactor at 650 ◦C
t S/C of 3, was carried out using 1 g of catalyst to study mass
ransfer limitations. The experimental process was carried out at
tmospheric pressure under a continuous N2 ﬂow of 200 sccm inn/a (fuel insoluble) 0.0424 0.0637 0.1061
S/C4.5 S/C6 S/C7.5 S/C9
0.0636 0.0750 0.0966 0.1100
all experiments and in the absence of air. When the reactor was
heated to a set temperature, the liquid feed was fed into the reac-
tor at a given ﬂowrate (Table 1). For water-soluble bio-compounds
(acetic acid, ethanol, acetone and glucose), an aqueous solution
of bio-compound was  made ﬁrst and then injected into the reac-
tor by one syringe pump. Different molar steam to carbon ratios
(S/C) were achieved by changing the molar ratio of water to bio-
compound in the solution. The insoluble bio-compound furfural
and water were fed into the reactor separately by two separate
syringe pumps. Different S/C ratios were then achieved by setting
the ﬂow rates of furfural and water. The ﬂow rate of carbon equiv-
alent (the ﬂow rate of bio-compound multiplied by the number of
carbon atoms in the bio-compound molecule) was  kept at around
1.174 mmol/min for all the bio-compounds except for glucose (see
Table 1). Previous studies [19,20] reported that the steam reform-
ing of glucose had a larger tendency to form coke and required
higher S/C ratios than other bio-compounds. Therefore, the carbon
equivalent input of glucose in this project was  0.6061 mmol/min
and the S/C ratio (4.5–9) investigated was  larger than that for the
other bio-compounds (1–5).
2.3. Reactor efﬂuents analysis
Condensable gas products and unreacted water were trapped in
a condensate collector, with any residual moisture later removed
by silica gel. The composition of the dry outlet gas was measured
with an Advanced Optima gas analyser from ABB and recorded
online at 5 s intervals. The ABB gas analyser consisted of two anal-
yser modules: Uras 14 and Caldos 15. The Uras 14 was  capable of
detecting CH4, CO2 and CO based on infrared absorption principle.
The Caldos 15 was  used for H2 measurement by thermal conductiv-
ity. A Varian micro gas chromatograph GC, equipped with MS5 and
PPQ columns was used following the ABB gas analyser to detect
other possible hydrocarbon gases C2 (C2H4, C2H6) and C3 (C3H6,
C3H8). Both MS5  and PPQ columns were equipped with thermal
conductivity detectors (TCD).
2.4. Elemental balance and deﬁnition of process outputs
In a typical packed bed experiment, the general reduction reac-
tions of NiO in the presence of steam by an organic compound of
elemental formula CiHjOl can be expressed by R1 (CO2 and H2O
products, a.k.a. chemical looping combustion, or CLC) and R2 (CO
and H2 products, a.k.a. chemical looping partial oxidation, or CLPO),
while steam reforming (R3), and water gas shift (R4), which require
metal catalyst, are activated when the NiO reactant has undergone
sufﬁcient reduction to Ni.
(2i + 0.5j − l)NiO + CiHjOl → (2i + 0.5j − l)Ni + iCO2 + 0.5jH2O (R1)
(i − l)NiO + CiHjOl → (i − l)Ni + iCO + 0.5jH2 (R2)
In R1 and R2, combinations of i, j, and l can take values so asto include C, H2, CO, CH4 as well as values representing unreacted
bio-compound and intermediates as the reductants.
(i − l)H2O + CiHjOl  iCO + (i + 0.5j − l)H2 (R3)
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O + H2O  CO2 + H2 (R4)
The initial data include:
1) The molar fraction of CO2, CO, CH4, and H2 in the dry outlet gas
measured with ABB gas analyser
2) The molar fraction of C2 (C2H4, C2H6) and C3 (C3H6, C3H8)
hydrocarbons in the dry outlet gas measured with micro GC
3) The feed ﬂow rates of water, carrier gas N2, and bio-compound
4) The mass of the catalyst used in each run and the NiO loading
in the catalyst
Process outputs include:
1) The reduction rate of NiO to Ni
2) The conversion fraction of water or bio-compound
3) Individual C-containing and H-containing gas yields
These data could be obtained through elemental balance calcu-
ation and some reasonable assumptions [15]. Related parameter
ymbols are deﬁned in the nomenclature at the end of this paper.
The molar ﬂow rate of total dry outlet gas (nout,dry) was esti-
ated based on nitrogen balance (Eq. (1)). The molar feed ﬂow
ate of N2 (nN2) was maintained at 1.386×10−4 mol  s−1, equiva-
ent to a volume ﬂow rate of 200 sccm (sccm or standard cubic
entimetre per minute = cm3 min−1 at 293 K and 1 atm) during the
xperimental process.
out,dry =
nN2
1 − yCH4 − yCO − yCO2 − yH2 − yC2 − yC3
(1)
The yield of each gas product is deﬁned as the molar rate of gas
roduced, and equals the dry gas mol  fraction in the gas products
, measured by online analysers or micro GC, and multiplied by
out,dry from the N elemental balance expressed in (Eq. (1)).
The conversion fraction of bio-compound (Xbio) to gases was
alculated based on a carbon balance, dividing the total molar ﬂow
f carbon in the gaseous products by the molar ﬂow of carbon in
eed, as described in Eq. (2).
bio = 100
nout,dry ×
(
yCO + yCO2 + yCH4 + 2yC2 + 3yC3
)
i × nbio,in
(2)
The H2O conversion fraction (XH2O) during reduction is calcu-
ated on a basis of hydrogen balance (Eq. (3)) and using as input the
alue of Xbio found using Eq. (2).
H2O = 100
nout,dry × (4yCH4 + 2yH2 + 4yC2H4 + 6yC2H6 + 6yC3H6 + 8y
2nH2O,in
On the basis of an oxygen balance, Eq. (4) was used to estimate
he rate of NiO reduction to Ni. Equation (4) requires as inputs
out,dry, XH2O and Xbio from Eqs. (1)–(3).
iOred.rate = nout,dry ×
(
yCO + 2yCO2
)
− nH2O,in × XH2O − l × nbio,in × Xbio (4)
The total moles of NiO reduced to Ni over a given duration (time
n stream) were obtained from the time integration of the above
ate equation. , the conversion extent of NiO to Ni (or ‘extent of
eduction’) was then shown as a fraction or percentage of the initial
oles of Ni present in catalyst.
The reduction process was carried out in a packed bed reactor
t an approximately constant temperature (isothermal reduction).
he fresh catalyst load of 2 g of 18 wt% NiO/-Al2O3 in all experi-
ents, was placed in the middle of the reactor for reduction. Like
cetic acid, ethanol, acetone, and glucose were individually dis-
olved in water to make solutions with a given molar steam to
arbon ratio (S/C), prior to being fed into the reactor. Furfural and
ater were injected to the reactor separately as furfural is insolu-
le. The reduction of fresh catalyst by H2 was also conducted in theironmental 200 (2017) 121–132
) − j × nbio,in × Xbio
(3)
packed bed reactor using 5% H2/N2 gas at a ﬂow rate of 300 sccm in
the absence of steam. 10% CH4/N2 gas with a ﬂow rate of 222 sccm
was used to study the reduction of fresh catalyst by CH4. Water
was fed into the reactor by syringe pump (S/C 3) before the feed
of CH4 started, similarly to the recommended start-up procedure
when using natural gas to reduce reforming catalyst in a commer-
cial operation [21].
Each run of experiment proceeded for a total of 45 min, although
the reduction process was shown to be completed in the ﬁrst 600 s
of the ﬁrst gases being detected for all the bio-compounds tested.
Molar fractions of gaseous products from the reactor were used to
calculate the NiO reduction rate on the basis of the oxygen elemen-
tal balance (Eq. (4)).
2.5. Reactor material analysis
After the experiments, the catalysts were collected for char-
acterisation with powder XRD, and the composition of reacted
catalysts was derived from the XRD data using Rietveld reﬁne-
ment [22]. XRD tests were performed on an X-ray diffractometer
(D8 from Bruker). A voltage of 40 kV and a current of 40 mA were
applied to the X-ray generator of Cu K1 radiation (1.54060 Å)
and Cu K2 radiation (1.54443 Å). The scanning range (2)  of X-
rays was from 20◦ to 80◦ with an increment of 0.0332◦/step and a
speed of 0.7 s/step. The sample was  crushed to ﬁne powder prior to
XRD tests. The XRD patterns obtained were used for phase analysis
and composition analysis. Both analysis were conducted using the
X’Pert HighScore Plus software from PANalytical. Rietveld reﬁne-
ment is a full-pattern ﬁt method and able to deal reliably with
strongly overlapping reﬂections, yielding mass percentage of each
crystalline substance in the sample. ICDD reference patterns 04-
005-4505, 04-010-6148, and 04-013-0890 were selected for phases
of -Al2O3, Ni and NiO, respectively, during Rietveld reﬁnement, as
they matched with the diffraction peaks experimentally observed.
The quality of the reﬁnements was  gauged by weighted R proﬁle
(Rwp) and goodness of ﬁt (GOF). A reﬁnement with Rwp less than
10 and GOF less than 4 could be considered as good [22,23]. All
the Rietveld reﬁnements shown in the present study satisﬁed this
requirement. Using these XRD facilities, a previous study of ours
determined that the fresh catalyst contained, in agreement with
the manufacturer’s data (JM), 17.8 wt% of crystalline NiO on -
Al2O3 and no metallic Ni, and conﬁrmed lack of amorphous material
Ni/NiO/Al2O3 [24].
3. Results and discussion
3.1. Maximum extent of reduction
The maximum extent of reduction of a metal oxide catalyst, i.e.
the maximum percentage of its oxide store that can be reduced
in practice, is inﬂuenced by various factors including the chemi-
cal nature of the catalyst support, the reduction temperature and
duration, and the composition of reducing gas [25,26]. According to
the literature [26], when the reduction was  carried out with pure
H2, the optimal temperature was  found to be around 600 ◦C. Below
this temperature the reduction was  slow and incomplete. Above
this temperature, some sintering may  take place, which lowered
the nickel surface area. Therefore, when using bio-compounds to
reduce the NiO catalyst, it is also important to ﬁnd out such an opti-
mal  temperature which could lead to the largest extent of reduction
but no sintering.
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(a) (b)
(c) (d)
(e) (f)
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Nig. 1. XRD patterns (observed) and Rietveld reﬁnement (calculated) results of cat
nd  (f) glucose. S/C 3 was  used for all these reductants except glucose (S/C 6), and
Fig. 1 shows the XRD proﬁles of the catalyst reacted with
ydrogen (1a), methane (1b), and bio-compounds (1c-1f) in the
emperature range 550–650 ◦C and the 2 theta range of 50–65◦,
sing S/C of 3 except for glucose (S/C = 6) and H2 (no steam) in
rder to identify clearly the characteristic diffraction peak of NiO
at 2 theta ∼62.9◦). Fig. 1(a–f) all display XRD spectra devoid of
morphous content, as evidenced by the ﬂat baselines obtained in
ll the cases, with distinct sharp peaks. When subjecting the cata-
yst to ethanol vapour at 550 ◦C, the reduction of NiO to Ni occurred,
emonstrated by the appearance of Ni diffraction peaks. However,
he reduction was not entirely complete, as 3.8 wt% NiO remained
n the sample. When using the other reductants, similar XRD pro-
les were obtained. The difference among them was whether the
iO peaks persisted. Apart from the three phases -Al2O3, NiO, and
i, there was no evidence of other phases (e.g. graphite), nor amor- after reduction with (a) H2 and (b) methane, (c) ethanol, (d) acetone, (e) furfural,
o steam).
phous content (ﬂat baseline maintained). A distinct NiO peak was
observed in the XRD proﬁle of the catalyst reduced with H2 at 550 ◦C
(2a), which accounted for 4.9 wt% of the catalyst. The NiO peak dis-
appeared at 600 ◦C, indicating a complete conversion of NiO to Ni.
When using ethanol as reductant, the intensity of the NiO peak at
62.9◦ decreased as the reduction temperature rose and the absence
of this peak was  observed at 650 ◦C (2c). This result conﬁrmed that
the maximum reduction extent was  affected by temperature. Com-
pared to the reduction with H2 or ethanol, the catalyst reductions
with CH4, acetone, furfural or glucose achieved complete reduction
at a lower temperature (550 ◦C).
In summary, NiO catalyst could be completely reduced by
ethanol at 650 ◦C and by acetic acid [17], acetone, furfural or glu-
cose at 550 ◦C. To ﬁnd out the inﬂuence of different reducing agents
1 B: Environmental 200 (2017) 121–132
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n Ni surface area (Ni dispersion), a further characterisation such
s H2 chemisorption [27] would be required.
.2. Mass transfer limitations considerations
The reduction of NiO catalyst with bio-compound vapour is a
ype of gas-solid reaction. The global reduction kinetics may  be
ontrolled by one of the following steps [28,29]: diffusion of bio-
ompound vapour through gas phase to the exterior of particles
external mass transfer), diffusion into the porous particles (inter-
al mass transfer), product-layer diffusion, or chemical reaction
ith NiO to produce Ni. Chemical reduction itself may  be a com-
lex process, potentially consisting of several steps. The reduction
echanism of supported NiO with H2 was proposed as follows
29]: (1) dissociation of H2 to form adsorbed H radicals (initially
y NiO, then by newly formed Ni), (2) surface diffusion of H rad-
cals to a reduction centre, (3) rupture of Ni O bonds to produce
i atoms, (4) nucleation of Ni atoms into metallic Ni clusters, and
5) growth of Ni clusters into crystallites. Any one or combination
f these steps, together with the removal of water, may  control the
verall reaction rate. When using bio-compounds, the reduction
rocess may  become more complicated because of the availability
f various reducing species (bio-compound, decomposition inter-
ediates, H2, CO, CH4, transient C etc.), and the competition from
team reforming. Nonetheless, these basic steps including disso-
iative adsorption, surface diffusion of radicals, rupture of Ni O
onds, nucleation and nuclei growth are believed to be common
o different reductants. In this section, the inﬂuences of external
ass transfer and internal mass transfer on the global reduction
ate were checked.
.2.1. External mass transfer
Normally, the external diffusion resistance could be reduced as
uch as possible by using high gas ﬂow and small mass of solid
ample. In this work, the reduction rate (in mol  s−1) was halved
hen decreasing the mass of NiO catalyst from 2 g to 1 g using an
thanol-water mixture at S/C of 3, indicating the external diffusion
esistance was not signiﬁcant. Additionally, the theoretical molar
uxes of bio-compound vapour (Wbio,r) at the external surface of
he catalyst particles were estimated, similarly to [30]. Reynolds
umbers were estimated for all the experiments at 650 ◦C, and
ere in the range 3.4-3.7 for all mixtures. This was  found using
eed mixtures (bio-compound/H2O/N2) densities ranging 0.362-
.478 kg m−3 and assuming the dynamic viscosity of the feeds was
epresented by that of N2 and steam since the two  species were
n highest feed concentrations (69–72 vol% N2, 23–27 vol% H2O),
ith N2=3.94 × 10−5 kg m−1 s−1, steam = 3.46 × 10−5 kg m−1 s−1
t 650 ◦C. The particles’ diameter dp was averaged at 1.2 mm,  and
nter-particle velocities were calculated to range from 0.274 to
.327 m s−1 for all the feed mixtures. In these conditions, the Ranz
nd Marshall equation for mass transfer in laminar ﬂow around
 sphere could be used to characterise the external mass transfer
round the individual catalyst particles [31]:
h = 2 + 0.6Re1/2Sc1/3 (5)
c =
Dbio,N2
dp
Sh (6)
bio,r = kc
(
Cbio,g − Cbio,S
)
(7)
here Sh,  Sc and Re are the Sherwood number, the Schmidt number
nd the Reynolds number, respectively, kc is deﬁned as the external
ass transfer coefﬁcient (m s−1). Dbio,N2 is the molecular diffusiv-
ty of the bio-compound in the bulk gas mixture (m2 s−1). Here the
ulk gas is assumed to consist of N2, given its prevalence in the
eeds. Values for Dbio,N2 were determined using the methodology T
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vig. 2. Main outputs with time on stream for C-feed = 1.174 mmol/min, S/C 3, 650
onversion XH2O (bottom curves, Eq. (3)), XH2O < 0 steam is a net reaction product, (b
f  yields of H2O to CO2 product, when >0 indicates H2O is net reaction product. Inse
escribed in [32] for estimation of binary gas phase diffusion coef-
cients for any organic species. The equation derived in [32] and
sed here was
Dbio,N2 =
1.00×10−3T1.75
(
1/Mbio+1/MN2
)1/2
P
⎡
⎣
(∑
bio
ve,bio
)1/3
+(17.9)1/3
⎤
⎦
2 ,(8)which produces
bio,N2 in cm2 s−1, where T is the temperature in K, M the relevant
olar masses in g mol−1, P the total pressure in atm. 17.9 is the
iffusion volume of N2 and ve,bio the atomic diffusion volumes for
n atom of type e. For instance, here atoms e in the bio-compound
re either C, H or O, with vC = 16.5, vH = 1.98, vO = 5.48, vring = −20.2,
n which case vC2H6O = 2 × 16.5 + 6 × 1.98 + 1 × 5.48 = 50.36, thus
ielding Dethanol,N2 at 650 ◦C and 1 atm of 0.932 cm2/s. Values of
bio,N2 were found to vary according to feedstock due to the dif-
erences in molar masses in bio-compounds and atomic diffusion
olumes. Parameters for this calculation are included in Table 2. In catalyst. (a) Percent bio-compound conversion Xbio (top curves, Eq. (2)) and steam
ds of CO2 (top) and of CO (bottom), (c) Yields of H2 (top) and CH4 (bottom) (d) ratio
d) lists maximum values 0.5 j/i according to reduction reaction R1.
Eq. (7), Cbio,g and Cbio,S are the concentrations of bio-compound in
the bulk gas phase and on the catalyst’s external particle surface
(mol m−3), respectively. Concentrations were determined using
the ideal gas law, with Cbio,g the feed value and Cbio,s estimated
using the maximum bio-compound conversion, which would have
resulted in maximum external mass transfer rate.
The parameters for the calculation Wbio,r (in mol  m−2 s−1) for the
different bio-compounds’ feed mixtures are summarized in Table 2.
External mass transfer can be ruled out as rate-limiting when Wbio,r
is much larger than the maximum chemical rate of bio-compound
consumption per unit of external area of particle (rbio,ext). The latter
is determined at 650 ◦C and S/C of 3 (except 6 for glucose) using Eq.
(9) which assumes a spherical particle shape,
r at the peak of rate curve(mol/s)
rbio,ext = NiO
nb particles in reactor × (dp)2 × 	
(9)
Where the number of particles present in the bed is approximated
to a maximum of 1162, based on the ratio of bed volume (1.67 cm3)
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Dig. 3. (a) Reduction rates of 2 g of 18 wt% NiO/-Al2O3 under methane, acetic acid
s.  time at 650 ◦C and S/C 3, calculated with Eq. (4) (b) Percent extent of NiO reduc
c)  elimination of residual rate error by using Xbio=1 in Eq. (4) for acetic acid. (b) and
o spherical particle volume of diameter 0.12 cm,  and  refers to
toichiometric moles of NiO reduced by 1 mol  of bio-compound
ccording to the prevalent reduction reaction. We later show in
ection 3.3 that the prevalent reduction reaction was R1. Thus,
ccording to R1, for bio-compound of elementary molar formula
iHjOl , 	 was (2i  + 0.5j–l), e.g. for ethanol, 	 was 6 (mol of NiO
educed per mol  of ethanol). Table 2 shows that the values of Wbio,r
ere in all cases roughly two orders of magnitude greater than the
bserved chemical consumption rate rbio,ext . Therefore, the exter-
al mass transfer limitation was considered negligible for the 5
io-compounds and methane.
.2.2. Internal mass transfer
The internal diffusion (intraphase) resistance may  play an
mportant role in controlling global reaction rate when the gaseous
eactant needs to penetrate the pores of solid material to reach the
olid particles of NiO. The experiment at S/C of 3 using ethanol as
io-compound was repeated using particle sizes of 0.1 mm instead
f 1.2 mm using 2 g of catalyst load. The same reduction rate proﬁle
ith time on stream was obtained, which indicated that internal
iffusion rate was not rate limiting. We  show later in Section 3.4
hat ethanol exhibited the fastest apparent NiO reduction rate of all
he bio-compounds (not counting CH4) at temperatures 550–750 ◦C
nd S/C of 3 (except acetone at 550 ◦C), in same conditions. In addi-
ion, an estimation of the Thiele modulus at 650 ◦C for all the feed
ixtures was carried out. Thiele modulus is given by Eq. (10), and
epresents the root square of the ratio of chemical rate to diffusive
ate inside a porous catalyst [33]. In absence of internal diffusion
imitation, Thiele modulus n  1, as the internal diffusion rate far
xceeds that of chemical reaction:
n
2 =
(
0.5dp
)2
rate
De
(
Cbio,S − 0
) (10)
In Eq. (10), ‘rate’ is the rate of bio-compound consumption
in mol  m−3 s−1), determined later in the kinetic model ﬁtting Sec-
ion 3.5.2 via dividing the modelled rate of NiO reduction by ε. This
alculation was determined at the point of NiO conversion () of 0.5,
hich roughly also corresponded to Xbio = 0.5, marking the upper
imit over which the data was ﬁtted in the kinetic modelling sec-
ion. These conditions matched the fastest reduction rate as will be
een in Section 3.4, thus also largest n. The effective diffusivity De
as estimated using Eq. (11):
e =
Dbio,N2˚pC

(11)nol, acetone and furfural (molar carbon feed rate bio-compound 1.174 mmol/min)
) in same conditions by rate integration, capped at 100% due to residual rate error
ave matching y axis tickmarks (same scale).
Here we assumed a typical value of constriction factor C0.8 [33],
and used the tortuosity  = 3.54 and particle porosity p = 0.59 of
a similar -alumina supported steam reforming Ni catalyst [34]
to determine De. Values of De, rate, Cbio,S and of the Thiele Mod-
ulus n have been compiled in Table 2 for all the bio-compound
experiments at 650 ◦C at maximum chemical rate conditions. These
conﬁrmed that, with all the values of n having been found to
be smaller than 0.02, internal diffusion limitations were deemed
negligible in the conditions for which the kinetic model and rate
constants parameters were derived.
3.3. Conversions and products yields via carbon and hydrogen
balances
Fig. 2(a-d) represents the main outputs proﬁles with time on
stream at the onset of gas evolution from the gas analysers for three
of the bio-compound reductants tested (ethanol, acetone and fur-
fural), at conditions of 650 ◦C, ∼1.174 mmol/min of C in the feed, at
S/C of 3, for purposes of clarity. Proﬁles for acetic acid can be found
in [35]. The percent conversions of bio-compound and of steam
according to Eqs. (2)–(3) are shown in Fig. 2a. Fig. 2b and c plot the
carbon-containing gas products yields (CO and CO2) and hydrogen-
containing gas products yields (H2 and CH4) respectively, in units
of moles of product per mole of carbon in the feed, and calculated
as ratios of molar rates. Conversion of the bio-compound to CO2,
CO and CH4, (no C2 or C3 gases detected) was  able to reach nearly
100%, thus ruling out signiﬁcant carbon accumulation at the end
of this ﬁrst very reactive phase. Considered together, the nega-
tive steam conversion and CO2 yield, accompanied by minimal CO,
H2 and CH4 yields during the ﬁrst 150 s of time on stream, indi-
cated that reactions of type R1 (reduction with production of CO2
and H2O, i.e. chemical looping combustion) were the net domi-
nant global reactions. Fig. 2d, which plots the ratio of yields of H2O
yield to CO2 further conﬁrmed that in the ﬁrst 150 s of time on
stream, this ratio closely approximated the stoichiometric ratio
(0.5j/i) of R1 for the relevant bio-compound CiHjOl: e.g. 1.5 for
ethanol, 1 for acetone and 0.4 for furfural. Thus global reactions of
type R1 using the reactant bio-compound as the reductant rather
than intermediates, were the net contributors to the ﬁrst phase of
bio-compound conversion, whilst R2, R3 and R4 and carbon accu-
mulation were negligible during this ﬁrst phase. The identiﬁcation
of R1 with the bio-compound reductant as the sole active net global
reaction during this period allowed us to relate the NiO reduction
rate to a bio-compound consumption rate via the value of 	 in the
assessment of mass transfer limitations (external and internal).
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Fig. 4. Plots of ln[−ln(1 − )] vs. ln t for the reduction of NiO catalyst with furfuralF. Cheng et al. / Applied Catalysis 
.4. Estimation of reduction rate and reduction extent
On the basis of oxygen balance (Eq. (4)), the rate of NiO reduction
ith various reductants was estimated. These calculations made
o assumptions on the reactions at work because they were purely
ased on elemental balances. Reduction rate proﬁles with respect to
ime are shown in Fig. 3a. The reduction was completed in the ﬁrst
50 s of each experiment. Some bio-compounds such as ethanol
nd acetic acid reached 100% reduction more quickly. Maxima of
xtent of NiO reduction (max), calculated after integration of rates
ith time on stream and compared to the initial molar content
f NiO (4.82 × 10−3 mol), shown in Fig. 3b is corroborated by XRD
haracterization as discussed in Section 3.1. A small residual error
f reduction rate was observed after 360 s in all the bio-compounds
eduction rate curve but not in the NiO reduction rate under CH4.
f a catalyst pre-reduced in hydrogen was used in the experimental
rocess instead of the fresh catalyst, a similar residual error was  still
een. The residual error is attributed here to the underestimation
f oxygen contribution from bio-compounds to oxygen-containing
roducts, e.g. intermediate products in condensable phases.These
nquantiﬁed products did not appear in Eq. (4) since they were not
epresented in the bio-compound conversion term Xbio. To assess
he effect on the reduction rate of the residual rate error, which
esults in extents of NiO reduction exceeding 100% with time on
tream, we replaced the Xbio term in Eq.(4) by the value of 1. This
ssumes that all the oxygen in the bio-compound is converted to
roduct from the start of the experiment. The result is illustrated in
ig. 3c for acetic acid at 650 ◦C at S/C of 2 with 2 g of catalyst. The case
f acetic acid represents a feedstock bio-compound of highest O/C
ontent, and highest residual rate error to maximum reduction rate
atio of all the compounds (Fig. 3a). It can be observed from Fig. 3c
hat the extent of reduction () curve vs. time was  unaffected by
naccuracy in oxygen contribution from the bio-compound conver-
ion term in Eq. (4) for a large range of . A discrepancy between
he  vs. time curve, calculated with Xbio derived from Eq. (2), and
he  vs. time curve derived assuming Xbio = 1, was only observed
or  values beyond 68%, ie. largely above the upper limit for which
ur kinetic data was later ﬁtted. Furthermore, the  vs. time curve
btained assuming Xbio = 1 very nicely reached 100% asymptoti-
ally, strongly suggesting that our interpretation of the reasons
ehind the residual rate error was correct, i.e. that all the oxygen in
he bio-compound was quickly converted to product, even if this
roduct was not CO, CO2, or H2O. Thus, even if carbonaceous prod-
ct or other condensed phase oxygenates had been net-generated
uring the reduction, the oxygen balance reﬂected in Eq.(4), which
llows the reduction rate of NiO to be estimated, would have not
een affected in the region of  < 0.5.
.5. Kinetic modelling of NiO reduction by bio-compounds
.5.1. Selection of conversion range for kinetic modelling
Thermodynamic calculations (to be published) indicated that
he carbon formation during NiO reduction with the bio-
ompounds depends on the availability of NiO in the reaction
ystem. Cho et al. [8] observed experimentally that the carbon
eposition was not signiﬁcant until 80% NiO was reduced during
hemical looping combustion of CH4. The data within the conver-
ion fraction  of 0-0.5 of the present study was used as input for
inetics modelling. Kinetic analysis based on a selected conversion
ange is often used in the literature [36,37] due to the difﬁculty in
btaining kinetic data in a full conversion range. For example, for
he reduction of metal oxide with CH4, kinetic data are obtained
ormally by recording the mass change of solid sample during
eduction.(S/C 3) at different temperatures (between 550 and 750 ◦C). Values of m close to 2
indicate A2 model (Avrami–Erofeyev’s nucleation and nuclei growth with 2D nuclei
shape).
3.5.2. Model ﬁtting
Generally, kinetics of solid state reaction can be expressed as Eq.
(12) or its integral form Eq. (13), where  is the conversion fraction
of reactant in time t (we called this the reduction extent in 3.4), k is
the reaction rate constant (here termed kNiO → Ni), and f() or g()
represent the reaction mechanism. The kinetic models tend to fall
into three groups [5,36,38]: (1) diffusion models, (2) geometrical
contraction models and (3) nucleation and nuclei growth models.
d˛
dt
= k × f (˛) (12)
g (˛) =
∫
d˛
f (˛)
= k × t (13)
ln (− ln (1 − ˛)) = ln(ˇ) + m × ln(t) (14)
Hancock and Sharp [38] developed a convenient method for
kinetic model-ﬁtting of isothermal solid state reactions (Eq. (14))
where  ˇ is a constant, m depends on the geometry of reactant par-
ticles and the reaction mechanism. The kinetic model gives rise to
approximately linear plots of ln [−ln(1 − )] vs. ln(t) if the range
of  is limited to 0.15–0.5. The gradient m of such plots could be
used to help select the most suitable kinetic model. Theoretically,
the m value is located around 0.5 for diffusion controlled reactions,
around 1.0 for geometrical contraction controlled and ﬁrst-order
reactions, and from 1.0 to 3.0 for nucleation and nuclei growth
controlled reactions (1 corresponding to rod shape nuclei, 2 to disc
shape, 3 to spherical, and >3 cases (e.g. 4 or 5) where spherical
nucleation and nuclei growth are concurrent).
In the present study, the Hancock-Sharp method was employed.
The m values varied with reaction temperatures and S/C used but
were located between 1.0 and 2.0 for temperatures in the range
550–750 ◦C. Plots of ln[-ln(1-)] vs. ln t for NiO reduction with fur-
fural (S/C 3) at different temperatures are shown in Fig. 4 as an
example. When using the other bio-compounds to reduce NiO cat-
alyst, similar linear plots were obtained and their m values are listed
in Table 3. For the NiO reduction with furfural or CH4, the m values
hardly changed with temperature, and were all close to 2.00, indi-
cating a two-dimensional nuclei growth mechanism (A2 model).
Values for m obtained from reduction using acetic acid, ethanol or
acetone increased gradually as the temperature rose from 550 ◦C
to 650 ◦C, although in majority were larger than 1, still suggesting
Avrami–Erofeyev models of changing nucleus shape. Within the
temperature range of 650–750 ◦C, the reduction was  an isokinetic
process, indicated by a negligible variation in the m value. It was
found that only the initial stage of reduction at 550 ◦C obeyed the A2
model. Therefore, the following A2 model ﬁt was performed in the
conversion range of 0-0.20 for 550 ◦C whereas the conversion range
of 0–0.5 was  used for the other four temperatures (600–750 ◦C).
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Table 3
The m values in Hancock and Sharp’s method (Eq. (14)) obtained at reduction temperatures between 550 ◦C and 750 ◦C.
Reductant 550 ◦C 600 ◦C 650 ◦C 700 ◦C 750 ◦C
acetic acid 1.34 1.63 1.78 1.73 1.75
ethanol 0.99 1.56 1.89 1.90 1.87
acetone 1.45 1.69 1.88 1.91 1.87
CH4 1.83 1.97 1.94 1.95 1.96
furfural 1.92 1.84 1.97 1.98 1.99
glucose 1.20 1.52 1.57 1.51 1.53
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cig. 5. Comparison between the experimental extent of reduction  vs. time and th
cid,  (c) ethanol, (d) acetone, (e) furfural and (f) A1.5 model with glucose (S/C 6 for
ines  are associated model ﬁts.
Glucose was the exception to all the bio-compounds studied,
hich had m values around 1.5. The use of Avrami–Erofeyev equa-
ion with non-integral m value (m = 1.34) to ﬁt the conversion curve
bserved from NiO reduction with H2 has been reported in the lit-
rature [2,39]. In this study, Avrami–Erofeyev equation with m = 1.5
denoted as A1.5) was used to ﬁt the kinetic data obtained from NiO
eduction with glucose solution. Non integer m values between 1
nd 3 are indicative of irregular shaped nuclei.
Once the kinetic model was determined, the rate constant
NiO → Ni of the NiO reduction reaction could be derived from exper-
mental data (fractional conversion  vs. time) by two  methods.
ne was to linearly ﬁt the plot of [−ln(1 − )]1/m vs. t, and obtain
NiO → Ni from the slope [40]. The other was to ﬁt the plot of  vs. t
ith the exponential function = 1 − exp[−((kNiO → Nit)m)] (15)
In both methods, m values of 1.5 and 2 were used for glu-
ose and for the all the other bio-compounds, respectively. Thee predicted using A2 model for the reduction of NiO catalyst with (a) CH4, (b) acetic
se and S/C 3 for the other bio-compounds). Scatter points are experimental points,
exponential ﬁt method was  employed in this work. A good agree-
ment between the experimental data and theoretical model was
achieved, as shown in Fig. 5 and through the correlation coefﬁ-
cient R2’s closeness to 1 (average R2 over 30 experiments = 0.9917,
minimum R2 = 0.961).
3.5.3. Apparent activation energy and pre-exponential factor
The reduction rate constants kNiO → Ni obtained at different tem-
peratures were plotted into Arrhenius plots (Fig. 6). The apparent
activation energies Ea, were derived from the slope of the Arrhenius
plots (Eq. (16)), and are listed in Table 4.
ln kNiO→Ni = ln A −
Ea
RT
(16)It was found that the values of Ea of NiO reduction with dif-
ferent reductants were close to each other and located at around
30–40 kJ/mol of NiO. This suggested that the inﬂuence of tempera-
ture on the reduction rate constant was similar for the different
F. Cheng et al. / Applied Catalysis B: Env
Fig. 6. Arrhenius plots of rate constants kNiO → Ni of NiO reduction with bio-
compounds as well as methane at S/C 3 (S/C 6 for glucose).
Table 4
Estimated kinetic parameters apparent kinetic energy Ea and pre-exponential factor
A  for NiO reduction with different reductants, using linear ﬁt of Eq. (16), goodness
of  ﬁt expressed by R2’s closeness to 1.
Reductants Ea (kJ/mol NiO) A (s−1) R2
CH4 38 ± 2 1.79 0.9933
ethanol 35 ± 4 0.96 0.9562
acetone 27 ± 2 0.30 0.9905
acetic acid 38 ± 4 0.92 0.9733
b
w
a
s
c
C
c
c
5
i
the S/C range of 1–2. For glucose, the S/C studied in this work only
T
R
afurfural 36 ± 3 0.50 0.9847
glucose 35 ± 2 0.32 0.9896
io-compounds. An approximate activation energy (53.5 kJ/mol)
as observed for the reduction of NiO/-Al2O3 with CH4 in the
bsence of steam using Avrami–Erofeyev model with m = 1 by Hos-
ain and Lasa [30].
The relative position of these Arrhenius plots indi-
ates that the rate constants can be ordered as follows:
H4 > ethanol ≈ acetone > acetic acid > furfural > glucose. Table 5
ompares the rate constants of the NiO reduction with bio-
ompounds to those with ethanol for the temperature range
50–750 ◦C. The pre-exponential factor A represents the probabil-
ty that the reducing species encountering a NiO nucleus or particle
able 5
atios of rate constants kNiO → Ni of reduction of NiO to Ni with bio-compounds with respe
cid,  ethanol, acetone, furfural, glucose and CH4 are denoted as k1, k2, k3, k4, k5 and k6, re
Temperature (◦C) acetic acid k1/k2 acetone k3/k2
550 0.706 1.135 
600  0.585 0.925 
650  0.722 0.859 
700  0.717 0.865 
750  0.702 0.887 
average  0.7 0.93 
Fig. 7. (a) Reduction rate constant kNiO → Ni at 650 ◦C vs. S/C for individual bio-comironmental 200 (2017) 121–132 131
will achieve reaction. Table 4 indicates CH4 had by far the largest
A value. Table 5 further compares magnitudes of reduction rate
constants by listing their ratios relative to those of ethanol at the
different temperatures studied, as well as ratio averages of all tem-
peratures. Clear differences between bio-compounds are observed
over the 550–750 ◦C range, with acetic acid’s being approximately
2⁄3 the rate constant of ethanol, whereas furfural’s was ½, and
glucose’s 1⁄3. Acetone’s was  similar to ethanol’s, while methane’s
was 4/3. Further characterization of the species adsorbed on the
catalyst surface (e.g. X-ray photoelectron spectroscopy, XPS) is
necessary in order to understand the difference arising from the
different bio-compounds.
3.6. Effects of steam content on reduction rate
The inﬂuence of water on metal oxide reduction has been inves-
tigated in the literature. Gardner [40] observed that the presence of
water vapour in the ambient gas considerably lowered the reduc-
tion rate of SiO2 by H2. He explained that surface activity of SiO2 was
decreased by the interaction between SiO2 and water (formation
of Si-OH) and hence fewer sites were available for the adsorp-
tion of H2. Richardson et al. [29,41] suggested that the adsorbed
H2O molecules decreased the reducibility of NiO/Al2O3 catalyst
by slowing down the diffusion of metallic Ni atoms to appropri-
ate nucleation sites. However, Abad et al. and Garcia-Labiano et al.
[42,43] found that the presence of H2O or CO2 had no effect on
the reduction rate of supported metal oxide with CH4, CO or H2 as
reductant.
In this study, the reduction rate constant kNiO → Ni at 650 ◦C var-
ied with the water content present in the reaction system as shown
in Fig. 7(a). In the absence of water (S/C 0), a low rate constant was
obtained. As the S/C rose, the rate constant increased ﬁrst, and then
decreased. This decrease became less pronounced at higher S/C. In
general, the maximum reduction rate constants were obtained incovered from 4.5 to 9 due to the limitation on its solubility. There-
fore, only the stages of decrease and levelling off were observed
with increasing S/C.
ct to rate constant of reduction with ethanol. The reduction rate constants of acetic
spectively.
furfural k4/k2 glucose k5/k2 CH4 k6/k2
0.544 0.363 1.395
0.475 0.329 1.228
0.439 0.322 1.324
0.534 0.342 1.418
0.526 0.358 1.427
0.5 0.35 1.36
pounds, (b) reduction rate constant vs. S/C, general case of bio-compounds.
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Res.  43 (2004) 8168–8177.
[43] A. Abad, F. García-Labiano, L.F. de Diego, P. Gayán, J. Adánez, Energy Fuels 2132 F. Cheng et al. / Applied Catalysis 
According to the reduction mechanism proposed in [17], the
resence of water has two opposite effects on the reduction. Firstly,
he adsorbed H2O molecules slow down the reduction by scav-
nging radicals (i.e. potential reducing species), and limiting the
igration of Ni atoms to nucleation sites. In addition, an appro-
riate amount of H2O could suppress the deposition of carbon
y promoting steam gasiﬁcation. As a result, the dissociation of
io-compounds on Ni sites (the initial step of reduction) is not
ffected. Which effect is dominant depends on the reaction con-
ition. Fig. 7(b) illustrates the effect of S/C on the adsorbed carbon
adicals (Cads), which explains the typical proﬁle of rate constant
s. S/C observed in experiments at 650 ◦C for the bio-compounds
tudied.
The maximum reduction rate constant could be obtained when
he amount of water (optimal S/C) is just enough to gasify the excess
ads and not consume those that are supposed to reduce NiO. The
ptimal S/C varies with bio-compounds, which may  be attributed
o the different activities of carbon radicals produced from differ-
nt sources as well as the consumption rate of carbon radicals (i.e.
eduction rate). It should be noted that the optimal S/C range for
eduction kinetics was below the S/C commonly used for steam
eforming (e.g. S/C 2-3).
. Conclusions
NiO catalyst could be completely reduced by ethanol at 650 ◦C
nd by acetic acid, acetone, furfural, glucose and CH4 at 550 ◦C.
eduction kinetics matched the two-dimensional nucleation and
uclei growth model (A2) except for glucose (A1.5). The appar-
nt activation energies of NiO reduction to Ni were all located in
he range of 30–40 kJ/mol. Their rate constants decreased follow-
ng CH4 > ethanol ≈ acetone > acetic acid > furfural > glucose. Feed
team content also affected reduction rate. The rate constant
eaked at S/C 1–2. Ethanol exhibited a larger reduction rate con-
tant and a lower optimal S/C, probably because its carbon radicals
ad a higher activity.
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